Plasma doping ion implantation (PLAD) is becoming increasingly important for enabling the manufacture of advanced semiconductor devices. In this study a VIISTA PLAD implanter was used to implant planar 300mm Si wafers with As/7keV from an arsine containing plasma with a total ion fluence of 1x10 16 
measured, but the composition of the ions is unknown. The fluxes and compositions of neutral species that deposit on the substrate surface during PLAD cannot be directly measured. Neutrals and ions can arise from different sources, notably from the feed gas, deposited layers, chamber components and the processed wafers themselves. In the process investigated in this study, arsenic containing species could contain one or more hydrogen atoms and whilst some hydrogen would be expected to be chemically bonded in material deposited on the wafer, some may escape during or after the implant. This means that PLAD might form thin layers of complex, unusual stoichiometries with variable compositions and densities.
The measurement of PLAD dopant profiles in conjunction with process modelling should allow the compositions and fluxes of the neutral and ion species and a deeper understanding of the PLAD process 1 . However thin, complex layers are difficult to measure. Profiling methods such as Secondary Ion Mass Spectroscopy and Dynamic xray Photoelectron Spectroscopy suffer from profile distortion due to sputter mixing and matrix dependent effects. Quantification of these effects for SIMS measurements of As in Si has been reported before 2 but is not routinely available to allow SIMS to be useful for this study. Cross sectional images collected in a transmission electron microscope (TEM)
were used in this study to measure the thickness of layers and to yield further qualitative information on crystallinity, damage and composition through Z contrast. In addition, energy dispersive spectroscopy (EDS) in the TEM was used to measure elemental compositions of layers. This technique provided atomic fractions of selected elements in a layer, but not the absolute number of atoms; TEM/EDS could not measure layer densities, which were the primary unknowns in this study.
Medium Energy Ion Scattering (MEIS) is a technique that avoids some of these pitfalls; MEIS measurements on the samples discussed in this study have been reported elsewhere 3, 4 . MEIS is sensitive to the total number of atoms in a layer (atoms/cm 2 ) and in the absence of information from other sources cannot determine layer thicknesses and densities. MEIS spectra are usually analysed with the assumption that the elements detected are present at constant atomic fractions throughout a layer and often as part of compounds of standard stoichiometry and standard density. In this study, the layers were not assumed ab-initio to be uniform or be composed of standard compounds but to have compositions and densities consistent with those predicted from the results of a model of the PLAD process calculated using the dynamic, binary collision approximation code TRIDYN 5 . This study proposes a simple model that the silicon implant profile is unchanged during post implant clean and anneal processes. The validity of this model was tested by comparing post clean and post anneal MEIS measurements with those POWERMEIS 6 simulations based on TRIDYN model inputs. Consistency was also checked against thickness information from TEM images and atomic fraction profiles from TEM/EDS measurements. Modifications to the as-implanted TRIDYN arsenic profile and the introduction of oxygen (that was not part of the TRIDYN implant model) gave valuable insights into mechanisms acting in the post implant processes.
II. EXPERIMENTAL
A. WAFER Processing
PLAD Implantation
Bare 300mm diameter silicon wafers were implanted with arsenic in a VIISta PLAD system at Applied Materials, Varian Business Unit in Gloucester, MA. The PLAD system is described in more detail in 7 . Briefly, a continuous RF plasma was generated in a low pressure gas mixture containing AsH3. The plasma composition could be monitored using an optical emission spectrometer (OES). The wafer, immersed in the plasma, was biased to -7kV in a pulsed manner, which determined the energy of ions extracted from the plasma to bombard the wafer. A shield ring surrounded the wafer perimeter to ensure that ion extraction was uniform across plasma. The number of ions extracted from the plasma in each bias pulse was detected in a Faraday detector behind a slit in the shield ring.
Because there was no mass analysis, the composition of the ions was unknown. The implants were halted once the total ion fluence had reached 1x10 16 /cm 2 .
The plasma chamber was pre-conditioned by running a number of sacrificial, nonproduct wafers to coat the chamber walls with predominantly arsenic and silicon. After an implant was completed, the unbiased wafer was exposed to an in-situ plasma based passivation process for a few seconds to clean its surface of excess arsenic that would otherwise be emitted when the wafer was removed from the PLAD chamber and exposed to atmosphere.
Full Process Flow
Although this study did not involve any pre-implant lithography steps, the wafers underwent an industry standard SPM (a 70% Sulphuric acid, 5.6% hydrogen Peroxide, 24.4% water Mixture) wet chemical clean immediately after the implant to represent the production step of photo-resist removal. The SPM clean was applied at 120°C in a temperature controlled bath for 5 minutes in a Nexgen Technologies wet bench. The SPM mixture composition was monitored and adjusted daily. The sulphuric acid removes photoresist and organic contaminants, but is not expected to attack silicon. Hydrogen peroxide is a strong oxidising agent and can be expected to oxidise surface silicon 8 .
After the wet clean, the wafers were "spike" annealed at 1050C held for 1.7s in a nitrogen atmosphere containing 100ppm of oxygen and a dilute hydrofluoric (DHF) acid step could be applied to remove surface oxide.
B. Metrology
Full wafers were processed and then broken into samples to be sent for analysis. It should be pointed out that measurements of this study were made on samples that were processed at different times over a 27month period, not from one experiment. The possibility of process variations must be considered when comparing analyses from different samples. Studies of how chamber conditioning affects PLAD process have been carried out and found not to change the results significantly from those presented in this study 9 . Furthermore, samples are normally considered to remain unchanged between the end of the process in which they were formed and the time of analysis; an example of where this is not the case is discussed in the evolution of post implant sample 4 .
Samples for MEIS measurements required no sample preparation and were measured as soon after processing as soon as international shipping timescales allowed.
MEIS measurements, described in more detail in 3, 4 were carried out on the University of Huddersfield MEIS system 1, 10 using 100keV He + ions and a scattering angle of 90°.
MEIS Spectrum Analysis Method
In this study, elemental profiles were extracted from the measured MEIS energy spectra using POWERMEIS 6 layers defined by their elemental atomic fractions and total densities. Optimisation of the atomic fractions and densities of the layers was carried out manually to produce the best fit of the simulated to measured MEIS spectra, the quality of fit being judged by eye.
Model layer thicknesses were normally chosen to be 2nm to give enough fidelity to the fits without requiring a large number of layers that would make manual fitting too onerous, although some 1nm thick layers were defined in some interface regions. Around ten manual optimisation cycles were sufficient to obtain a pleasing fit. Automated adjustment of the layer compositions to minimise a fitting function based on the comparison between the fit and experimental data, such as chi squared, was not available but would be a valuable future capability. As POWERMEIS is only truly applicable to randomly oriented samples, a method for analysing aligned spectra was devised in which the elemental profiles used to fit a random spectrum where divided into two parts to fit a corresponding aligned spectrum.
The first part contributed to electronic energy loss and the measured backscattered signals from non-crystalline surface regions of the samples and interstitial atoms, whilst the second part only described the energy loss and scattering from the crystalline regions. This is similar to the approach summarised in 11 . Comparison of the aligned and random spectra allowed the amounts of substitutional and interstitial As and Si damage profiles to be estimated. 
Guiding MEIS analysis using TRIDYN

III. TRIDYN Model
SRIM (Stopping Range in Materials) and its component TRIM (TRansport of Ions
in Matter) can be considered a reference model for simulating the range of energetic particles injected into amorphous materials 12 . TRIM uses a binary collision approximation (BCA) to model the collision cascades of particles injected into a substrate that is described by layers of defined composition and thickness which are not altered (i.e. are held "static") throughout the calculation. The high fluences appropriate to PLAD implants means that the substrate changes greatly, so that a static model is not appropriate to describe such processes. TRIDYN (DYNamic TRIm) 5 is a program that uses a BCA modified and extended from an early version of TRIM to calculate collisional cascades. As in TRIM, the initial substrate is described using homogeneous layers of initial composition and thicknesses but a major difference is that TRIDYN then alters the substrate throughout the calculation to account for the injected particles, sputtered atoms and ion beam mixing. The detailed assumptions used in the BCA have been shown to affect modelling results 13 . The assumptions used TRIDYN's BCA and substrate relaxation algorithms are described in detail in the its manual 14 .
TRIDYN models in this study used a starting substrate described by 200 layers, each 1nm thick, a dimension chosen to represent the elemental profiles with sufficient fidelity and exceed the mean free path length between collisions (a necessary condition for valid TRIDYN calculations 14 ). Oxygen was not included in the model as any surface native oxide layer on the wafer was assumed to be quickly stripped by the chemical action of hydrogen in the plasma 15 . The models used standard parameters for atomic volumes calculated from the densities of common compounds. Surface binding energies (SBE)
were mostly calculated from the standard enthalpies of elements and compounds as distributed with the code except for the values of the SBE for As-As, Si-H and As-H which were taken to be 3.1, 10 and 10eV respectively. Internal displacement energies (Ed) were assumed to be 8eV for all atoms. Collision cascades were followed for each injected particle and recoiled substrate atom until their energies dropped below 3eV. Ions were given initial kinetic energies of 7keV. The kinetic energies of the deposited neutral species were taken as zero. A model that launched particles from a remote position towards a surface would require particles to have kinetic energy to travel to be deposited on that surface. TRIDYN started by considering particles that had arrived at the surface and so did not require the particle to have any kinetic energy. In reality, neutrals arriving at the substrate surface would have possessed at least thermal energy, but since this was below the 3eV cut off used in the TRIDYN model there was no need to account for this. Higher energy neutral species that could have contributed to collision cascades were not included in this simple model. The magnitudes of the particle fluxes considered in the TRIDYN model were varied to fit the measured elemental profiles. These fluxes, all assumed to have normal incidence and no angular divergence, are summarised in Table 1 . Table 1 . Fluxes considered in the TRIDYN model.
Type Description
As + Generated from the plasma feed gas and from material sputtered from the wafer or chamber walls (either as charged particles or as neutrals which are subsequently ionised in the plasma). Unlike the ions, hydrogen introduced as members of AsHx molecules will remain in the deposited layer of interest for this study. The volume taken up by this H will account for the As not taking up the full density of elemental As.
The inductively coupled plasma in the PLAD system was run continuously so that the breakup of feed gas in the plasma to produce neutrals and radicals (and thereby deposition on the wafer) was also continuous. Ions were extracted across the plasma sheath when the wafer was biased, so the high energy ions arrived in pulses. As and Si ions were assumed to be half the total measured ion flux, with the balance being atomic and molecular hydrogen ions (which were excluded from the model). If ion sputtering directed neutrals onto the wafer, or ion assisted deposition occurred, some of the deposition may have been pulsed, too. Considering only species from the plasma, using simple gas kinetic theory, it could be estimated that a typical "sticking coefficient" of a neutral bombarding a wafer surface was approximately 0.6% and that a typical ratio of the flux of ions to neutral atoms that stick to the wafer ions was expected to be around 1:10. It might be thought that the pulsed nature of the ion arrivals (but continuous arrival of neutrals) would require a method of running TRIDYN to emulate this pulsed mode. However, the number of neutrals deposited between ion pulses was much less than a monolayer and therefore it was justified to run TRIDYN in a conventional way, assuming continuous arrivals of ions and neutrals.
The fluxes in the TRIDYN model were taken to be constant through the implant because this was the simplest assumption to start with. This is known to be incorrect. OES spectra show that the plasma composition varies throughout the implant and the deposition on the chamber walls originating from material sputtered from the wafer surface is also expected to vary as the state of the wafer surface changes. At the beginning of the implant Si and SiO2 are sputtered from the fresh wafer and can deposit on the walls or be trapped in plasma, available to be recycled onto the wafer. As the implant progresses, the wafer surface contains more As; the amount of As sputtered will increase and can potentially be recycled from the plasma or chamber wall back onto the wafer.
The role of the hydrogen in the present TRIDYN model needs further explanation.
Due to the mass difference between H atoms and the other, much heavier energetic particles, TRIDYN predicts that a bound H cannot receive sufficient energy during a nuclear collision to escape from the substrate. In another system involving carbon, a sputter mechanism for hydrogen by ion induced bond breaking was proposed 17 After choosing to use the standard atomic density for hydrogen suggested by TRIDYN, the H flux was set to make the TRIDYN results consistent with the as-implanted MEIS spectra.
If we had chosen a different value for the H atomic density, we would have had to set a different value for the H flux. Therefore the reported hydrogen concentrations in the deposited layer are not necessarily a representation of the true concentration of hydrogen in the layer. Measuring the hydrogen distribution in the study was not possible because hydrogen x-rays are too low in energy to be detected by TEM/EDS. In MEIS measurements, the cross section for ion scattering of He from H is low, and the scattered He ion energy is low, so that the hydrogen scattering events in the MEIS spectra cannot be differentiated from the high background of scattering events involving Si substrate atoms.
Hydrogen could have been measured by SIMS but this measurement would have the unknown matrix effects discussed in the introduction. Elastic recoil detection analysis could be used in the future to determine the hydrogen profile as initial ERD measurements of the hydrogen profile of a similar PLAD process have been made 18 .
IV. Results and Interpretations
A. Initial Observations of Process Steps
The four TEM cross sections produced after implant, clean, anneal and oxide removal steps are shown in Figure 1 . In all the TEM images in this paper, the wafer surfaces have been oriented vertically so that the ions and neutrals during the PLAD implant arrived in a horizontal direction from the left hand side of the image. The first dark layer on the left of all the images is the iridium cap deposited when making the TEM lamellae. The alignment of the images in Figure 1 suggests that the following processes occurred: B. Post PLAD Implant Figure 2 shows a cross sectional TEM image of a post implanted planar wafer with EDS measurements superimposed. An amorphous/crystalline interface at +20nm had been created, deeper than the depth at which EDS had detected the presence of As. A light coloured 2.9nm thick surface layer indicates a region from which As had effused after the implant, leaving behind Si which had then been oxidised. There appears to be no buried O, validating the assumption that H from the plasma had rapidly removed native oxide from the wafer. The presence of Ir beneath the sample surface implies that the TEM lamella preparation steps had disrupted the sample surface. 
TEM/EDS
MEIS and TRIDYN Model Predictions
MEIS measurements on a post implanted sample are described and discussed in detail in a companion paper 4 . The MEIS measurements were made on a different wafer than that used in Figure 2 . Figure 3 shows profiles extracted from the MEIS spectra for a measurement made as soon as possible after the implant was completed (which was several days due to wafer transport between Gloucester, MA and Huddersfield). The As profile Atomic Concentrations (at/cc) neutrals that had been recoil implanted by As and Si ions. The As profile deeper than 5nm was dominated by As ions, which also contributed to the damage to the Si substrate atoms shown in Figure 4 . Comparison to the position of the amorphous/crystalline interface in Figure 2 suggests that Si displacements need to exceed ~7 per atom for the cumulative damage to lead to amorphisation. The best fit TRIDYN model ( Figures 3 and 4) ), assumed that the ion fluences for the 1 x10 16 /cm 2 process were 25% silicon, 25% arsenic and 50% hydrogen. The total The conclusion is not quite the same for the As because the arsine fed into the plasma must have been an important contributor to the total As fluence. TRIDYN calculates the total number of particles sputtered from the wafer surface over the whole implant to be
4.7x10
As could not have been be delivered by recycling material sputtered from the wafer itself. 
C. Post Clean
TEM/EDS
MEIS and TRIDYN Model Predictions
MEIS measurements (described more fully in the companion papers 3, 4 ) were made on a similar post wet clean sample. Figure 7 shows the elemental profiles extracted from the random and aligned orientation spectra using POWERMEIS using the as-implanted Si profile predicted by TRIDYN to guide the analysis.
The TRIDYN model for the SPM clean assumed that the as-implanted Si profile was unchanged by the clean, the as-implanted As profile was entirely removed from the Analysis of the aligned spectrum in Figure 7 suggests damage down to ~16nm below the original wafer surface. This is deeper than the 8-9nm suggested by the amorphous/crystalline interface position in the TEM image but not as deep as the range of displaced Si atoms predicted by TRIDYN. This confirms that MEIS may be sensitive to damage, such as point defects, that are not visible in TEM 20 . There is also evidence for H damage in the post clean TEM cross sections. The Si and O profiles in the oxide for the random and aligned profiles are identical, as expected, since the oxide was amorphous.
The As profiles in the aligned and random profiles are very similar, indicating that most of 
D. Post Anneal
TEM/EDS
The cross sectional TEM image of a post anneal sample (Figure 1) shows that the oxide layer did not change appreciably in thickness during the anneal. TEM/EDS measurements were not made on any post anneal samples.
MEIS and TRIDYN Model Predictions
MEIS measurements 3, 4 were made on a similar post anneal sample. Figure 8 shows the elemental profiles extracted from the random and aligned spectra. It can be seen that the post anneal POWERMEIS Si profile was different to the TRIDYN post implant Si profile. The random Si profile suggests that the energy introduced by the anneal allowed Si to diffuse from the Si rich part of the oxide layer so that the Si bulk and SiO2 layers could reach their full densities. In the aligned Si profile, after accounting for scattering from the first layer of Si at the oxide interface, the reported "displaced Si" may be due to strain of the Si lattice due to the presence of interstitial As rather than residual implantation damage that had not recrystalised during the anneal. Comparison between the As profiles in the post anneal ( Figure 7 ) and post clean ( Figure 6 ) random profiles suggest that As has diffused as expected during the anneal into the substrate. The total amount of As in each profile was the same (3.8x10 15 /cm 2 ) showing that all of the As had been retained during the anneal. The post anneal random and aligned
As profiles (Figure 8 ) in the two profiles can be integrated and their difference (which is deeper than 4nm) suggests that 45% (1.7x10 15 As/cm 2 ) of the arsenic is substitutional, and therefore presumably activated; Steen et al 21 have found that some of the "interstitial" As at the oxide interface could also be electrically active. 
E. Summary of the PLAD and Post Implant Processes
The TEM cross sectional images, EDS measurements and MEIS data suggest the PLAD implant, post clean and anneal processes progressed as follows:
During the PLAD implant neutral species containing As, Si and H were deposited onto the wafer surface. Si and As ions amorphised the Si substrate, mixed the deposited
As and Si neutrals into the wafer bulk and mixed Si from the bulk into the deposited layer. created a graded oxide layer that was ~10% less dense than thermally grown oxide at the surface becoming progressively Si rich with depth. The layer around the original wafer surface, observed as the dark stripe in TEM cross section images due to "Z" and/or phasecontrast, was a mixture of As, Si and O and contained the highest concentration of As.
The energy imparted to the wafer during annealing caused both As and Si atoms to diffuse. The thickness of the silicon oxide layer did not change greatly but became fully dense. The Si bulk recrystallized, and became fully dense as a result of the Si ions that had been implanted being made available to repopulate the sub surface region from which Si atoms had been removed. An amorphous region may have remained at the oxide interface and some lattice strain may have been present due to the presence of As in the lattice. All of the As was retained during the anneal with some inward diffusion and incorporation of 45% of the As into the lattice. A post anneal DHF was able to remove the silicon dioxide layer.
V. Conclusions
Analyses of a range of measurement techniques model and the consideration of elemental concentrations rather than just atomic fractions alongside a TRIDYN model has enabled valuable insights into a plasma doping and its subsequent process steps.
MEIS allowed elemental concentration depth profiles to be measured which was not possible using TEM/EDS, which could only report atomic fractions, or SIMS, whose interpretation would have been uncertain due to matrix dependency on the instantaneous sputter rates and secondary ion coefficients. However, the extraction of depth profiles from MEIS spectra does require interpretation which means that there may not always be a unique depth profile that can fit the data. It must therefore be emphasised that guiding MEIS analyses to agree with TRIDYN simulations as such does not prove anything, but has allowed the proposal of a quantified, self-consistent model to describe the mechanisms occurring during a PLAD implant, clean and anneal.
Whilst the PLAD implant mechanisms proposed are known, this study has characterised their relative contributions at different stages of the particular PLAD implant investigated. The magnitudes of ion and neutral fluxes of the Si, As and H were quantified, which in turn led to proposals for the source of the ions and neutral species. The relative importance of Si neutrals originating from the plasma chamber and Si bulk in the "deposited" layer was particularly interesting.
The TRIDYN model in itself was an oversimplification because it assumed fluxes that remained constant throughout the implant. Whilst this is known to be incorrect, there was no need within this study to extend the complexity of the TRIDYN model. Future studies of planar samples would benefit from more precise measurements of the oxygen profiles and elastic recoil detection (ERD) measurements would be valuable to measure H compositions in the layers, which are as yet un-known. Table 1 . Fluxes considered in the TRIDYN model.
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